Mammals use variations in the length of day to anticipate environmental changes and time their reproduction. Light pollution, which affects day length perception, could lead to changes in biological functions. To explore the effects of light pollution on seasonal reproduction, we conducted an experimental study on a strict long-day breeder, the nocturnal gray mouse lemur (Microcebus murinus). Twelve females were randomly exposed to either a moonlight treatment or a light pollution treatment for 5 weeks during the transition from a short-to long-day photoperiod. Daily rhythms of locomotor activity and core temperature were recorded, and the occurrence of estrus and urinary 17-β-estradiol concentrations were monitored. In females exposed to light pollution, the first seasonal estrus occurred while they were still in a short-day photoperiod, 2 weeks earlier than in females exposed to moonlight. Moreover, the daily rhythms profiles of females exposed to light pollution showed significant changes that mimicked long-day acclimatization. This study demonstrates that light pollution can affect daily rhythms and the timing of seasonal estrus in a primate and suggests that functional changes in the circadian system may underlie the adverse effects of light pollution that are observed in wildlife. Photoperiodism is the ability to assess and use day length as an anticipatory cue to time seasonal events, and it is widely used by many animals, including mammals (Bradshaw and Holzapfel 2007). The photoperiod and its seasonal changes are highly consistent over evolutionary time, which allows animals to time a variety of behavioral and physiological rhythms, including migration, accumulation of nutritional reserves, dormancy, and reproduction and to anticipate future seasonal environmental changes (Paul et al. 2008; Bradshaw and Holzapfel 2010) .
Photoperiodism is the ability to assess and use day length as an anticipatory cue to time seasonal events, and it is widely used by many animals, including mammals (Bradshaw and Holzapfel 2007) . The photoperiod and its seasonal changes are highly consistent over evolutionary time, which allows animals to time a variety of behavioral and physiological rhythms, including migration, accumulation of nutritional reserves, dormancy, and reproduction and to anticipate future seasonal environmental changes (Paul et al. 2008; Bradshaw and Holzapfel 2010) .
In most mammals, the synchronization of the reproductive function by day length, as either a long-day or a short-day breeder, ensures the birth of offspring during spring and early summer when environmental factors such as temperature and food availability are favorable (Chemineau et al. 2008; Reiter et al. 2009 ). However, light pollution interferes with the daily and seasonal cycles of natural light and alters the nocturnal component in ecosystems (Longcore and Rich 2004) , which could disrupt seasonal reproduction in mammals.
Long underestimated, the impact of light pollution linked to anthropogenic activities on living organisms and biodiversity is now recognized. Since the 1st observation of its effects on migratory birds (Kumlien 1888) , numerous studies have exemplified the impact of light pollution on the behavior, biological rhythms, and physiological functions in most taxa, including plants (Briggs 2006) , invertebrates (Eisenbeis 2006; Frank 2006; Lloyd 2006) , fishes (Nightingale et al. 2006) , amphibians (Buchanan 2006) , reptiles (Perry and Fisher 2006; Salmon 2006) , birds (De Molenaar 2006; Gauthreaux and Belser 2006; Montevecchi 2006) , and mammals (Beier 2006; Rydell 2006) . Recent studies have demonstrated that birds exposed to light pollution develop their reproductive system earlier, start laying eggs earlier, and have altered reproductive hormone secretions and behaviors (Kempenaers et al. 2010; Longcore 2010; Dominoni et al. 2013; Schoech et al. 2013) . However, to the best of our knowledge, only one study has investigated the effects of light pollution on seasonal reproduction in mammals (Ikeno et al. 2014) . This study, conducted in male Siberian hamsters (Phodopus sungorus), demonstrated that males exposed to light pollution during short-day photoperiods had an altered winter phenotype with increased gonadal mass, increased spermatid nuclei, and increased sperm counts compared with control males.
To further explore the effects of light pollution on seasonal reproduction in mammals, we conducted an experimental study on female gray mouse lemurs (Microcebus murinus). The gray mouse lemur, a nocturnal Malagasy prosimian that is representative of the common ancestor of primates (Dutrillaux 1979) , is a convenient model to study this issue because its behavior, biological rhythms, and physiological functions, including reproduction, are strongly driven by photoperiod both in the wild and in captivity. In terms of reproductive rhythm, the mouse lemur is characterized by an active sexual state in longday photoperiods (> 12-h light/day) and an inactive sexual state in short-day photoperiods (< 12-h light/day). In females, the 1st seasonal estrus is triggered by the passage to long-day photoperiods (Perret 2000) . Daily rhythms of locomotor activity (LA) and core temperature also vary according to the season, particularly the depth and the duration of the daily hypothermic period (Perret and Aujard 2001a) . In this study, we investigated the effect of light pollution on female mouse lemurs before and after the transition from short-to long-day photoperiods. In this photoperiod-dependent primate species, we hypothesized that females exposed to light pollution would exhibit changes in daily rhythms and in the pattern of the estrus cycle.
Materials and Methods
Ethics statement.-All experiments were performed in the laboratory breeding colony of Brunoy (UMR 7179 CNRS/ MNHN, France; agreement n° E91-114-1 from the Direction Départementale de la Protection des Populations de l'Essonne) under the authorization n° Ce5/2011/067 from the Charles Darwin Ethics Committee on Animal Experiments and the Internal Review Board of the UMR 7179. All experiments were performed under a personal license to T. Le Tallec (authorization n° A91-621 from the Direction Départementale de la Protection des Populations de l'Essonne) and followed guidelines approved by the National Research Council (NRC 2011) and by the American Society of Mammalogists (Sikes et al. 2011) for the use of mammals.
Animals.-The 12 gray mouse lemurs (M. murinus, studied were adult females (36.8 ± 1.7 months old) and were born in the laboratory breeding colony of the National Museum of Natural History in Brunoy -France, from a stock originally caught in southern Madagascar 45 years ago. In captivity, seasonal variations of behavior, daily rhythms, and physiological functions are entrained by alternating 6-month periods of winter-like short-day photoperiods (SD, light/dark 10:14) and summerlike long-day photoperiods (LD, light/dark 14:10) under artificial light. Although these conditions are slightly different from the natural Malagasy photoperiodic changes (LD, light/dark 13.15:10.45; SD, light/dark 10.45:13.15), this artificial photoperiod regime has been demonstrated to ensure seasonal and daily biological rhythms similar to those observed in the field Aujard 2001a, 2001b) . In the present study, female mouse lemurs were studied for 5 weeks during the transition between SD (inactive sexual state) and LD (active sexual state). To minimize social influences on biological rhythms, they were housed individually in cages (50 × 30 × 30 cm), enriched with tree branches and a nest box. The standard conditions of captivity for this species were used; animals were maintained at a constant ambient temperature of 24-26°C and a relative humidity of 55%. A standardized homemade mixture (46 kJ/ day; containing baby cereals, spice bread, egg, concentrated milk, white cheese, vitamins, and dietary minerals) and fresh fruits (18.5 kJ/day) were delivered every day during the daily hypothermic period on a nonfixed schedule to avoid confounding effects with photoperiodic synchronization, and water was available ad libitum.
Light treatments.-Animals were maintained in climate chambers (Thermo Fisher Scientific, Waltham, Massachusetts) , in which the air was filtered, the ambient temperature was controlled, and the daytime light was provided by fluorescent lamps (1,000 lux). Female mouse lemurs were randomly divided into 2 groups and were exposed during the last 2 weeks of SD and the first 3 weeks of LD to 1 of 2 treatments: a moonlight treatment (MOON), i.e., exposed at night to the dim light of a white LED (light intensity: 3.5 ± 0.1 nmol photons s −1 m −2 corresponding to 0.3 lux- Somanathan et al. 2008 ; model NSPW570DS; Nichia, Tokushima, Japan) that simulated the natural full moon, the most important source of natural light at night (Dacke et al. 2011) ; or a light pollution treatment (POLL), i.e., exposed at night to the same dim light of a white LED and to the additional light of a yellow LED (light intensity: 628.0 ± 2.1 nmol photons s −1 m −2 corresponding to 51.5 lux; model L-1503YD; Kingbright, Taipei, Taiwan) that simulated the average light intensity and irradiance spectra of streetlights with high pressure sodium lamps sampled in Brunoy (n = 77), the most common artificial light used for outdoor lighting characterized by emission lines from 569 to 616 nm (Elvidge et al. 2010) . For each LED, the average light intensity and irradiance spectra were calibrated between 300 and 700 nm before the experiment using a JAZ spectrometer (Ocean Optics, Dunedin, Florida).
Core temperature and LA.-Throughout the experiment, the animals' core temperature (Tc) and LA were recorded using TA10TA-F20 telemetric transmitters (Data Science Co. Ltd, Saint-Paul, Minnesota) previously implanted in the visceral cavity under general anesthesia and under veterinary supervision (Diazepam-Valium: 1 mg/100 g, subcutaneous injection; Ketamine hydrochloride-Imalgen: 10 mg/100 g, intraperitoneal injection; postoperative analgesia, Meloxicam-Metacam: 0.02 mg/100 g, subcutaneous injection). Experiments were performed after at least 2 weeks of postoperative recovery. A receiving plate (RPC-1; Data Science Co. Ltd) positioned in the cage recorded data sent by the transmitter. The Tc was recorded every 10 min and the LA was continuously recorded and summed within this interval by antennas located in the receiving plate that detected the animals' vertical and horizontal movements (X-Y coordinate system, Dataquest Lab Pro v 3.1; Data Science Co. Ltd).
Based on a previous study (Le Tallec et al. 2013 ; Table 1 ), the following parameters for core temperature (°C) were analyzed for each animal: mean Tc during the nocturnal active phase (T night ), mean Tc during the inactive diurnal phase (T day ), minimal Tc value (T min ), and the occurrence of torpor bouts (i.e., when Tc is below 33°C-Ortmann et al. 1997; Génin and Perret 2003) . For the daily rhythm of LA (a.u. = arbitrary unit), the following parameters were monitored: the means of LA nocturnal intensity (LA night ) and LA diurnal intensity (LA day ) and the duration of the nocturnal active phase (α in min). All telemetric parameters were averaged for both the MOON and the POLL groups.
Estrus cycle and 17-β-estradiol (E2).-In captive conditions, female mouse lemurs enter estrus almost synchronously within 2-3 weeks after LD stimulation (Perret 1982 (Perret , 1986 (Perret , 2000 . In this primate, the vulva remains closed during most of the year and opens briefly at estrus and at birth. The estrus cycle can be monitored by morphological changes of the vulva. During the early follicular phase, the vulva reddens and begins to swell 5-10 days before its opening at estrus (Perret 1982 (Perret , 1986 (Perret , 2000 . The beginning of the follicular phase and the duration until vaginal opening were monitored daily following the exposure to long-days for both the MOON and the POLL groups.
Urine from each female was collected at a fixed time during the diurnal resting phase daily between the beginning of the follicular phase and the 3rd day following vaginal opening. Urine was spontaneously voided within 2 min after females were removed from their nest box. Urine samples were stored at −20°C until assayed.
Urinary 17-β-estradiol (E 2 ) concentrations were measured in duplicate in 25 µl urine using an enzyme-linked immunosorbent assay (IBL International, Hamburg, Germany-Perret 2005) . The percentages of cross-reactivity were as follows: E 2 100%, estrone 0.2%, and estriol 0.05%. The mean intra-and inter-assay coefficients of variation were 2.7% and 6.7%, respectively. The minimum detectable level in urine was 9.7 pg/ml. Taking into account the individual variations in urine concentration, the creatinine (Cr) content was measured in each sample using a colorimetric assay (Quidel Corporation, San Diego, California). The E 2 profile (values of urinary E 2 concentrations in pg/mg Cr) was averaged for both the MOON and the POLL groups.
Body mass and daily caloric food intake.-Before the experiment, no significant difference in body mass was observed between the MOON group and the POLL group (114.6 ± 5.1 g and 106.8 ± 3.1 g, respectively, t 8.21 = 1.32, P = 0.22). Body mass was measured each week to assess change in body condition and the body mass slope (Bm slope ) was computed. The daily caloric food intake (CI in kJ) of each animal was calculated from the difference between the allotted and leftover food mass and was corrected for dehydration.
Statistical analysis.-Parameters related to the estrus cycle (E 2 profile), torpor bouts, and body mass (Bm slope ) were checked for normality with the Shapiro-Wilk test and were analyzed, when appropriate, using 2-way analysis of variance, unpaired Student's t-test, or Wilcoxon unpaired test (W). Parameters related to the daily rhythms of core temperature and LA and using repeated temporal measures on the same animal (T night , T day , T min , D torp, α, LA night , LA day , and CI) were analyzed using linear mixed effects models, built with the "lme" function (package "nlme" in R software-R Development Core Team 2001). Using 2 statistical models, we determined the effect of light pollution (POLL versus MOON) and the effect of photoperiod (LD versus SD) and checked whether these effects could vary over time. For each statistical model, a starting model that included the effect of treatment (light pollution or photoperiod), the effect of time (in number of days since the beginning of the experiment), and the effect of the interaction between treatment and time was constructed. Taking into account the interindividual variability, the effect of individual identity was declared as a random effect. To take into account the temporal autocorrelation among the models' residuals, an auto-regressive structure of order 1 ("corAR1" function in R software-R Development Core Team 2001) was included in the models. For each statistical model, the final model, which contained only significant effect(s), was obtained by deletion of the nonsignificant effect(s) from the starting model. The normality of the final models' residuals was checked with a normal quantilequantile plot and the homoscedasticity was evaluated with a boxplot of parameters' residuals according to treatment and a boxplot of parameters' residuals according to days (Zuur et al. 2009 ). The probability level for statistical significance was P < 0.05. All analyses were performed with R software version 2.14.2 (R Development Core Team 2001). The results are presented as the means ± SE of the mean.
Results
Core temperature and LA.-During SD exposure, the daily rhythm of Tc and LA were affected by light pollution. In the POLL group, all values of the Tc rhythm were increased significantly ( Fig. 1A; Table 2 ). Both T night and T day values were significantly higher in the POLL group than in the MOON group (+0.2°C, β = 0.02 ± 0.01, χ 2 1 = 6.3, P = 0.012; and +0.5°C, β = 0.04 ± 0.01, χ 2 1 = 7.2, P = 0.007, respectively). Furthermore, although torpor bouts were observed in 5 animals in the MOON group, in the POLL group, there was no torpor (P = 0.028, W = 30) and T min values were on average +1.2°C higher (β = 1.2 ± 0.6, χ 2 1 = 4.3, P = 0.037). These differences in the Tc values were due to a gradual increase over time following exposure to the POLL treatment. The duration of the LA nocturnal active phase was on average 66 min shorter in the POLL group (β = −65.8 ± 22.5, χ 2 1 = 7.4, P = 0.006).
When females were exposed to LD, the daily rhythms of Tc and LA demonstrated significant changes; both values were increased in both the MOON and the POLL groups ( Fig. 1B ; Table 2 ). T night and T min values were significantly increased by LD exposure in the MOON group (+0.3°C, β = 0.02 ± 0.01, χ 2 1 = 6.9, P = 0.008; and +0.7°C, β = 0.7 ± 0.2, χ 2 1 = 9.4, P = 0.002, respectively). In the POLL group, T night was increased (+0.2°C, β = 0.2 ± 0.03, χ 2 1 = 25.4, P < 0.001). In addition, under LD, very few animals exhibited torpor bouts, and no significant differences in torpor were observed between the MOON group and the POLL group. Despite the shortening of the active phase linked to the reduced night duration under LD exposure, LA values were increased around 2-fold in both groups (1.8× in the MOON group, β = 1.0 ± 0.3, χ 2 1 = 7.8, P = 0.003; and 2.1× in the POLL group, β = 9.9 ± 1.1, χ 2 1 = 58.0, P < 0.001). However, there were other significant differences between the MOON and the POLL groups under LD exposure, such as a higher T day (+0.6°C, β = 0.03 ± 0.01, χ = 43.8, P < 0.001). These differences in the POLL group were due to a gradual increase and a gradual decrease in these values over time following exposure to the POLL treatment.
Estrus cycle and 17-β-estradiol (E2).-Although the duration of the follicular phase was not modified by exposure to light pollution (t 9,47 = −0.78, P = 0.45), the early follicular phase in the POLL group started on average 6 ± 1.4 days before the LD exposure, whereas it occurred significantly later, on average 6.2 ± 3 days after the LD exposure, in the MOON group (t 6,97 = 3.67, P = 0.008). In addition, in the POLL group, estrus occurred on average 8.3 ± 1.3 days after the exposure to LD whereas it occurred significantly later, on average 18.2 ± 1.4 days after the LD exposure in the MOON group (t 9,99 = 5.04, P = 0.0005; Table 3 ). Urinary E 2 concentrations showed a characteristic estrus pattern with a significant peak on the day of the vaginal opening (F 1/19 = 8.06, P = 0.02). No significant differences in urinary E 2 values were observed between the MOON group and the POLL group (F 1/4 = 0.7, P = 0.4) except on the 3rd day after vaginal opening (U 1 = 0, P = 0.048; Fig. 2A ). Whereas significant changes in LA values during pro-estrus and estrus were observed in the MOON group (F 3/15 = 4.17, P = 0.025), LA values remained constantly low in the POLL group (F 3/15 = 0.35, P = 0.78). LA values were correlated to urinary E 2 concentrations at estrus independent of the group (R = 0.6728, d.f. = 8, P = 0.047; Pearson correlation coefficient; Fig. 2B) .
Body mass and daily caloric food intake.-There were no significant differences in Bm slope (t 9,8 = −0.48, P = 0.63 during SD; and t 6,22 = −0.35, P = 0.73 during LD) and CI between the MOON and the POLL groups (β = 1.2 ± 1.8, χ short-day and B) long-day photoperiods. During SD, exposure to light pollution significantly increased the core temperature (Tc), decreased the frequency of torpor bouts, and reduced the duration of locomotor activity (LA). During LD, all parameters of the daily rhythms of Tc and LA were modified in both the MOON and the POLL groups, but significant differences were observed for daytime Tc and nocturnal LA in the POLL group. The night period is indicated by the grey area. LD = long-day photoperiods; SD = short-day photoperiods.
Discussion
In female mouse lemurs maintained under constant captive conditions, the exposure to light pollution led to changes in the profiles of daily rhythms of core temperature and LA during both short-day and long-day photoperiods and modified the occurrence of the 1st seasonal estrus. Behaviors, biological rhythms, and physiological functions, including reproduction of mouse lemurs, are strongly driven by photoperiod in the wild and in captivity (Perret et al. 1998; Aujard 2001a, 2001b; Randrianambinina et al. 2003; Rasoazanabary 2006; Kobbe and Dausmann 2009) . During the short-days corresponding to the Malagasy dry and cold season, female mouse lemurs typically undergo a resting state characterized by reduced activities, daily torpor, and complete sexual arrest. However, even when exposed to short-days, captive females under light pollution exhibited higher daily core temperatures (unrelated to an exercise-associated thermogenesis or diet-induced thermogenesis) and a lack of torpor bouts. These profiles are typical in mouse lemurs exposed to long-days (Perret and Aujard 2001a) , suggesting that females exposed to light pollution tend to express a summer phenotype, independent of photoperiod. Additionally, under conditions of constant ambient temperature, the duration and level of LA in females exposed to light pollution were reduced in both short-day and long-day conditions compared with controls. This reduction in activity reflected the inhibitory effect of nocturnal lighting on behaviors in this photosensitive primate. Similar results have been observed in male mouse lemurs exposed to light pollution during short-days (Le Tallec et al. 2013) , and these results are also in agreement with studies conducted in the social vole (Microtus socialis- Haim et al. 2005; Zubidat et al. 2007) . In this species, nocturnal light pulses negatively affected winter acclimatization of thermoregulatory mechanisms, likely by mimicking summer acclimatization. Consequently, an inappropriate response to environmental factors during the winter conditions compromised the animals' survival.
In Madagascar, female mouse lemurs enter the 1st seasonal estrus soon after the vernal equinox when the day length reaches 12 h of light per day. Because of the complex effects of ambient temperature, food availability, spatiotemporal distribution of the population, and individual characteristics, the first mating season in wild females is limited to the 4-week period following the females' emergence from the resting state in September Kappeler 2002, 2004) . Whereas few wild females could have synchronized estrus during a given week, captive females enter estrus synchronously 2-3 weeks following the exposure to long-days. In our experiment, females under light pollution started the early follicular phase while they were still exposed to short-days. This result suggests that light pollution mimics the proximal cue and breaks down the resting state in females earlier than in photoperiodic control conditions. Nevertheless, the pattern of the estrus cycle monitored by both morphological examination of the vulva and urinary estradiol secretion was not significantly modified by light pollution. However, the increased LA observed during estrus in females exposed to the moonlight treatment was lacking in females under light pollution. This reduced activity during estrus, which illustrates the inhibition of spontaneous night-time activity by light pollution, could limit the opportunity to meet sexual partners and potentially reduce reproductive success. Similar data on the effects of light pollution have been observed in birds. Captive European blackbirds (Turdus merula) exposed to extremely low light intensities at night (0.3 lux) developed their reproductive system (as measured by gonadal growth and testosterone production) up to 1 month earlier than birds exposed to dark nights (Dominoni et al. 2013) . Female wild blue tits (Cyanistes caeruleus) breeding in light-influenced areas, i.e., territories with street lights, laid eggs 1.5 days earlier on average (Kempenaers et al. 2010) . By contrast, Schoech et al. (2013) failed to support the hypothesis that light at night (3.2 lux) stimulates the reproductive axis in western scrub-jays (Aphelocoma californica). However, this study demonstrated that light pollution interfered with sexual hormone secretions by disrupting the positive correlation between testosterone and estradiol levels observed in controls. Light pollution could mediate its effects on reproductive events via suppression of nocturnal melatonin production. Indeed, melatonin production is photosensitive, i.e., inhibited by light, and studies have indicated that light at night specifically suppresses nocturnal melatonin production and its secretion in blood (Stevens 2005; Anisimov 2006 ). In mammals, the nocturnal pattern of melatonin production translates photoperiodic information into an endocrine signal, which acts on the pituitary-gonadal axis and on reproductive functions (Hastings et al. 1985; Morgan and Mercer 1994; Chemineau et al. 2008; Reiter et al. 2009 ). Therefore, light pollution suppressing melatonin synthesis could alter the perception of the photoperiodic stimulus and advance the seasonal timing of reproductive functions. In nocturnal mammalian species, the light intensity threshold values for behavioral photic entrainment or melatonin suppression range from 10 -5 lux in bats, 0.2-3 lux in rodents, and 1-30 lux in nocturnal primates (Boulos et al. 2002; Erkert 2004 Erkert , 2008 Beier 2006) . In mouse lemurs, the threshold value for photic entrainment is 0.5 lux for midwavelength light (470-540 nm) and is higher than 30 lux for long-wavelength light (> 540 nm -Perret et al. 2010) . In the present study, female mouse lemurs were exposed to 51.5 lux of light pollution, suggesting that there was likely a corresponding strong inhibition of melatonin secretion. In male Siberian hamsters, light pollution disturbed the photoperiodic response in reproduction, and the molecular mechanisms underlying the melatonin processing pathway were affected (Ikeno et al. 2014) . This study reinforces the link between light pollution, nocturnal melatonin production, and changes in seasonal reproduction. Consequently, light pollution could alter both the timing of reproduction and possibly the mating behavior (Reiter et al. 2009 ).
In this study, the exposure to light pollution lasted only 5 weeks and was initiated 2 weeks before the transition to longdays. It could be of interest to test the effect of mid-winter light pollution exposure on reproductive functions and on energy saving mechanisms present in mouse lemurs. It could be hypothesized that females exposed to chronic light pollution may not only experience changes in daily rhythms but also enter estrus out of season and, through an inadequate winter rest, modify their fitness and possibly survival. In conclusion, functional changes in the circadian system may contribute to behavioral and physiological disorders observed in mammals exposed to nocturnal light pollution.
